The preimplantation period is a time of reprogramming that may be vulnerable to disruption. This question has wide clinical relevance since the number of children conceived by in vitro fertilization (IVF) is rising. To examine this question, outbred mice (CF1 3 B6D2F1) conceived by IVF and cultured using Whitten medium and 20% O 2 (IVF WM group, less optimal) or K simplex optimized medium with amino acids and 5% O 2 (IVF KAA group, more optimal and similar to conditions used in human IVF) were studied postnatally. We found that flushed blastocysts transferred to recipient mice provided the best control group (FB group), as this accounted for the effects of superovulation, embryo transfer, and litter size. We observed that many physiological parameters were normal. Reassuringly, IVF KAA offspring did not differ significantly from FB offspring. However, male IVF WM mice (but not females) were larger during the first 19 wk of life and exhibited glucose intolerance. Male IVF WM mice also showed enlarged left heart despite normal blood pressure. Expression of candidate imprinted genes (H19, Igf2, and Slc38a4) in multiple adult tissues did not show differences among the groups; only Slc38a4 was down-regulated following IVF (in both culture conditions) in female adipose tissue. These studies demonstrate that adult metabolism is affected by the type of conditions encountered during the preimplantation stage. Further, the postnatal growth trajectory and glucose homeostasis following ex vivo manipulation may be sexual dimorphic. Future work on the long-term effects of IVF offspring should focus on glucose metabolism and the cardiovascular system.
INTRODUCTION
Since the original observation of an increase in cardiovascular disease and diabetes in adults who were subjected to famine conditions for a defined time in utero [1, 2] , the developmental origin of health and disease hypothesis (DOHaD) hypothesis has spurred investigation on the delayed effects of the prenatal environment on adult physiology, behavior, and disease [3] . Importantly, individuals who appear normal at birth may develop a disease or phenotype in adulthood that was in fact caused by events that occurred in utero [1, 2] .
However, the possibility that metabolic abnormalities may develop in adults following in vitro preimplantation culture has not been extensively studied. This is important since the practice of in vitro fertilization (IVF) and other assisted reproductive technologies (ART) has become well established and today accounts for 1%-5% of live births in the Western world [4] . During the process of IVF, both gametes and the preimplantation embryo are exposed to laboratory conditions that do not perfectly recapitulate the normal environment of the Fallopian tube and uterus [5] . Within this artificial environment, crucial developmental events occur, including fertilization itself, the establishment of the embryonic axes, the first cell divisions, the establishment of the trophoblast cell lineage, and changes in the epigenome of the entire embryo [6, 7] .
Fortunately, epidemiologic data show that IVF offspring are healthy; however, there is a statistically significant increase in birth defects (from 3%-4% in the general population to 4%-5% for ART newborns) [8, 9] . In addition, there is also a small but significant increase in imprinting disorders, including Angelman and Beckwith-Wiedemann syndromes [10] . While some studies of children conceived by ART showed no clear metabolic abnormalities [11, 12] , others have shown statistically significant differences in fat deposition, increased blood pressure, and increased fasting glucose [13] [14] [15] .
In a study using a mouse model, various sex-specific effects of IVF on postnatal growth, body composition, and glucose clearance were found [16] . The mice were followed until 8 wk of age. In addition, different groups discovered that preimplantation in vitro culture had a significant effect on the behavior of adult mice [17, 18] .
Animal models studying the adult consequences of IVF are particularly helpful in separating the effects of parental infertility versus the effects of embryo manipulation and culture conditions itself, as normal gamete donors can be used. The shorter generation time of most experimental (i.e., rodents) and farm animals is another advantage of animal models. In addition to indicating which physiological systems might be at risk in IVF-conceived adults, animal models are useful for optimizing IVF conditions. For example, most clinics are now culturing embryos using 5% oxygen (O 2 ) rather than atmospheric O 2 (20%) because animal models showed that gene expression in embryos cultured with 5% O 2 were more similar to normal embryos than those cultured with 20% O 2 [19] .
The present study describes the effects of IVF, in two different culture media, on many aspects of postnatal physiology, including growth, glucose clearance, body composition, cardiovascular parameters, sexual development, and endocrinology, from birth to 30 wk of age. Many parameters fell within normal limits, but there were sex-specific and culture medium-specific effects of IVF on growth and metabolism. In addition, this study tested and confirmed the importance of using mice that were conceived in vivo but subjected to embryo transfer as the proper controls for this and future experiments on the influence of IVF on development and adult function.
MATERIALS AND METHODS

In Vitro Fertilization and Embryo Transfer
Mice were kept in the University of California at San Francisco (UCSF) animal facility with controlled temperature conditions of 238C, a 12L:12D cycle, and ad libitum access to water and mouse chow (20% protein, 9% fat; LabDiet). In vitro fertilization was performed as previously described [20] . Briefly, 6-wk-old CF1 female mice were superovulated by injecting 5 IU PMSG and 42-46 h later 5 IU hCG. Oocytes were collected from the ampullae 13 h after hCG injection. Sperm were obtained from the cauda epididymis of B6D2F1/J males.
Gametes were coincubated in Whitten medium (WM) containing 15 mg/ml BSA for 4 h. Fertilized oocytes were washed and cultured to the blastocyst stage under mineral oil in a 378C humidified atmosphere in modular incubators. Two conditions were used-WM with 20% O 2 (IVF WM group) or K modified simplex optimized medium þ amino acids (KSOMþAA) under 5% O 2 (IVF KAA group)-to examine whether culture conditions could affect the outcome. Using KSOMþAA with 5% O 2 is generally considered to be more optimal than WM with 20% O 2 [21] .
Naturally ovulating female CF1 mice, mated with vasectomized CD1 males, were used as recipients for embryo transfers. Mating was confirmed by the presence of a vaginal plug the following morning. Blastocysts transfers were performed 2.5 days postcoitum. Late-cavitating blastocysts of similar morphology (n ¼ 11-19 embryos, split between both horns) were then transferred to the uterine horns of pseudopregnant recipients [22] . It is important to note that a similar numbers of embryos was transferred in all experimental groups.
Control mice were generated as follows:
1) In vivo group: Animals were allowed to conceive naturally without superovulation. One B6D2F1/J male and one CF1 female mouse were housed together overnight; the presence of a vaginal plug, checked in the early morning after mating, was considered evidence of mating. 2) Flushed blastocysts (FB) group: CF1 female mice were superovulated as described above and housed together with a B6D2F1/J male. Late-cavitating blastocysts were flushed from the uterus on Day 3.5 at 1500 h, that is, 87 h postfertilization [23] , and immediately transferred to the uterine horns of pseudopregnant CF1 recipients.
Initial experiments were performed comparing IVF WM versus control mice, while a second cohort of IVF KAA mice was generated with a 6-wk delay. This was done because WM is considered a more stressful medium, and if no difference in phenotype had been observed between IVF WM and FB mice, experiments would not have been repeated in the more optimal IVF KAA group. For example, since differences were found between FB and IVF WM with the glucose tolerance test, this test was done with IVF KAA mice, but sexual maturation was not examined in the IVF KAA mice, as it was identical in FB and IVF WM mice.
The protocol for animal handling and treatment procedures was reviewed and approved by the Animal Care Facility at UCSF.
Morphometric Data and Postnatal Growth
Morphometric characteristics were measured at birth (weight, length, biparietal diameter [BPD] , and anogenital distance). All pups in litter (of any size) were used to generate birth data (Table 1) . However, only animals from litters with 4-10 pups were used in the postnatal study.
Weight was measured weekly until 30 wk. At that time, some of the animals were sent for insulin clamp and cardiovascular testing. Pubertal development (testicular descent and preputial separation in males and vaginal opening in females) was assessed daily, as described [24] .
Dual-Energy X-Ray Absorption Scan
Total body lean and fat mass was evaluated using dual-energy X-ray absorption (DEXA) scanning. Mice were tested shortly after puberty (8 wk) and in adulthood (28 wk) for the lean and fat composition of the body. Mice were anesthetized (ketamine 100 mg/kg; zylaxine 10 mg/kg) and scanned three times (with repositioning between scans) using a Lunar PIXImus densitometer (software version 1.42.006.010; Lunar Corp.). All mice were fasted for 3 h before the DEXA measurements [25] . The intraindividual coefficient of variation (CV) was determined for each animal using the three DEXA scans.
Intraperitoneal Glucose Tolerance Test
The intraperitoneal glucose tolerance test (IPGTT) was performed at 19 wk of age. Mice were fasted for 6 h prior to the test. Whole-blood glucose levels were measured using a handheld glucometer (Roche Diagnostics), and 20-50 ll of blood were collected from the tail vein to determine insulin levels. Glucose (2 mg/g) was given injected intraperitoneally, and glucose and insulin were measured 0, 15, 30, 60, and 120 min postinjection. Food was immediately returned to the mice following the last measurement.
The insulinogenic index was calculated by dividing the area under the curve for insulin (t ¼ 0-30 min) by the area under the curve for glucose (t ¼ 0-30 min). The insulin resistance index was calculated using fasting levels of glucose and insulin (HOMA-IR ¼ glucose [mg/dl] 3 insulin [ng/ml]/ 405) [26] . [27] . Only FB and IVF WM male mice, at 38 wk of age, were used (FB; n ¼ 9, from three litters; IVF WM n ¼ 10, from four litters). A 2-h hyperinsulinemiceuglycemic clamp was performed after a 5-h fast in awake males. Mice were catheterized at least 5 days before the experiment. A 5-lCi bolus of ( 3-3 H) glucose was given 90 min before the insulin infusion, followed by a 0.05-lCi/ min infusion for 90 min. Blood samples were obtained with an arterial catheter. Basal glucose-specific activity was determined from blood samples obtained 15 and 5 min before the test. Fasting insulin levels were determined from blood samples taken 5 min before the test. The clamp was begun at t ¼ 0 min with a continuous infusion of human insulin (Humulin R, 4 mU/kg/min; Eli Lilly). The ( H) glucose infusion was increased to 0.2 lCi/min for the remainder of the experiment. Euglycemia (100-120 mg/dl) was maintained by measuring blood glucose every 10 min starting at t ¼ 0 min and infusing 50% dextrose as necessary. Mice received saline-washed erythrocytes from donors throughout the clamp (5-6 ll/min) to prevent their hematocrit from falling by more than 5%. A 12-lCi bolus of 2 ( 14 C) deoxyglucose (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) C-DG) was given at t ¼ 78 min to assess insulin-stimulated glucose uptake in tissue. Blood samples (80-240 ll) were taken every 10 min from t ¼ 80 to t ¼ 120 min and processed to determine plasma ( H) glucose and 2-14 C-DG. Clamp insulin was determined at t ¼ 100 and 120 min. At t ¼ 120 min, mice were anesthetized with sodium pentobarbital. The soleus, gastrocnemius, superficial vastus lateralis, diaphragm, heart, adipose tissue, and brain were excised, immediately frozen, and stored at À808C until analyzed.
Rates of basal hepatic glucose production and insulin-stimulated wholebody and tissue glucose uptake were determined [28] 
Blood Pressure
This procedure was performed at the MMPC of Vanderbilt University. Plethysmography was performed using a tail-cuff BP apparatus (BP-2000; Visitech Systems, Inc.). Only FB and IVF WM male mice at 38 wk of age were used: (FB n ¼ 13 from three litters; IVF WM n ¼ 11 from three litters). This technology is noninvasive and has a good concordance with direct BP measurements. Blood pressure and pulse measurements were recorded by the same investigator at the same time each day. Each day, 20 measurements of blood pressure and pulse were made, of which the final 10 were averaged to obtain the daily blood pressure reading for that animal. Prior to recording experimental data, mice were subjected to a 10-day training period.
Echocardiography
This procedure was performed at the MMPC of Vanderbilt University. Only male mice at 38 wk of age were used (FB, n ¼ 13 from three litters; IVF WM , n ¼ 10 from three litters). Transthoracic echocardiography was performed using a system (Sonos 5500; Agilent) with a 15-MHz highfrequency linear transducer at a frame rate of 100 frames/sec, as described [29] . All images were acquired at a depth setting of 20 mm. Wall thickness and chamber dimension were determined from M-mode tracings in conscious mice. Left-ventricular (LV) wall thickness was evaluated in the interventricular septum (IVS) and the LV posterior wall (LVPW). End-diastolic measurements (IVSd, LVPWd, and LV internal dimension [LVIDd] ) were obtained at the point of maximal LV diastolic dimension. LV end-systolic dimensions (IVSs, LVPWs, and LVIDs) were obtained at the time of most anterior systolic excursion of the LVPW associated with minimal chamber dimension. The FS%, a measure of LV systolic performance, was calculated from M-modederived LV dimensions using the formula (LVIDd À LVIDs)/LVIDd 3 100%. The standard M-mode formula for ejection fraction was used: ejection fraction
Quantitative Real-time PCR RNA was extracted from three tissues (liver, fat, and muscle) of IVF WM , IVF KAA , and FB mice, and quantitative real-time PCR was conducted as described previously [22] . Tissues from individual animals (females, eight per group; males, FB n ¼ 4; IVF WM and IVF KAA n ¼ 5) were assayed in triplicate. Total RNA was extracted by manually homogenizing samples in Trizol reagent and isolated using RNeasy Mini Kit with DNase digestion to remove residual DNA (Qiagen). Reverse transcription was accomplished using a commercially available first-strand cDNA synthesis kit according to manufacturer's protocol (iScript cDNA Synthesis Kit; Bio-Rad Laboratories). Quantification of gene transcripts were performed using SyBr green PCR Supermix (Bio-Rad) with 10 ng of cDNA. Amounts of H19, Igf2, and Slc38a4 were normalized to levels of H2A (forward: 5 0 -ACATGGCGGCGGTGCTGGAGT; reverse: 5 0 -CGGGATG ATGCGCGTCTTCTTGTT). Primer sequences can be found in Bloise et al. [22] .
H19 was selected because of its known alteration following preimplantation embryo culture [30] . Igf2 is important in somatic growth [31] . Slc38a4 was chosen because we have found differences in Slc38a4 expression in IVF placentae [22] .
Insulin Measurement
To obtain insulin levels, 5-10 ll of serum or culture supernatant was assayed using an ultrasensitive insulin ELISA kit (Alpco).
Corticosterone Assay
Corticosterone was measured in male mice at approximately 25 wk of age. Approximately 40 ll of blood were collected from the tail vein of each mouse around 1400-1600 h, when corticosterone (CORT) levels are near their circadian peak [32] . Since elevated CORT levels can be detected in circulation just 2 min from the initial cage disturbance [33] , blood collections were completed within the 2 min from the initial cage handling. Samples were centrifuged at 48C for 10 min, and plasma was collected and transferred into new tubes. Plasma samples were diluted in 1:100 assay buffer, and approximately two 100-ll aliquots for each sample were collected to perform radioimmunoassay (RIA) in duplicate using GammaCoat cortisol I-125 coatedtube RIA kit (INCSTAR Corp.) as previously described [34] . These samples were analyzed by Dr. Charles Wilkinson, University of Washington.
Statistics
All data are presented as the mean 6 SD unless otherwise specified. Either a one-way analysis of variance (ANOVA) or a two-tailed Student t-test was used for statistical analysis as appropriate. Tukey post hoc test was applied to test for differences between groups when a one-way ANOVA was significant using the Prism software package (Graphpad). A P-value of ,0.05 was considered significant. The reported number represents the number of mice; the number of litters is given in parentheses. The single mouse is the experimental unit [35] .
RESULTS
Litter Size and the Choice of a Control Group
The original, most intuitive control group for these studies consisted of nonmanipulated, naturally mated and gestated controls (in vivo group). However, it soon became apparent that the litter size in the in vivo group was significantly larger (13.5 6 1.3, n ¼ 4 litters) than that of the IVF groups (IVF KAA , 6.2 6 2.2, n ¼ 4 litters; IVF WM , 6.3 6 2.1, n ¼ 7 litters; Table 1 ). Correspondingly, the birth weights of the pups in the in vivo group were significantly smaller (1.44 6 0.12) than those of either of the IVF groups (IVF KAA , 1.73 6 0.20; IVF WM , 1.73 6 0.23). Within groups, male and female mice did not differ in their birth weights. There was an equal distribution of litter size among the FB, IVF KAA , and IVF WM groups, and we did not find significant differences in any parameters when assessing animals originating from the smaller or larger litters.
These results led us to add a second control group, called the FB group, in which blastocysts from superovulated females were immediately transferred to recipient mice. This strategy has been adopted before [36] . The litter size from this group was statistically the same as the IVF groups (8.1 6 3.0, n ¼ 7 litters; Table 1 ), and the birth weights of the FB mice (1.66 6 0.16) were also not different from the IVF groups. Unless otherwise noted, the FB group was used as the control for the rest of the study.
There were no significant differences in the percent of live births (number of pups divided by the number of embryos transferred) or sex ratio among the FB and IVF groups ( Table  1 ). The length of gestation was also measured for all of the groups. For the in vivo group, this was a calculation of the date of birth minus the plug date (19 days, n ¼ 4 litters). Two perspectives could be used for measuring the gestational length for groups that had undergone embryo transfer: time from the detection of the vaginal plug in the recipient to the time of delivery (dam's perspective) and the time from fertilization to delivery (the embryo's perspective). The time from vaginal plug to birth was 19.0 6 0.6 days (n ¼ 7) for FB, 19.0 6 0.0 (n ¼ 4) for IVF KAA , and 19.1 6 0.4 (n ¼ 7) for IVF WM . For the FB group, the donor and recipient dams were at the same stage, that is, 2 days from the detection of a vaginal plug, so the pregnancy length was the same from both perspectives. Since the IVF embryos were cultured for 4.5 days prior to transfer to a 2.5-day pregnant female, the timing from this perspective is 2 days longer, roughly 21 days, for IVF pregnancies. Gestational length from the dam's perspective most closely corresponds to the length of an in vivo pregnancy.
IVF AFFECTS LONG TERM HEALTH
Growth and Development
There was no difference between IVF groups and the FB group in any of the parameters measured at birth (body weight, body length, biparietal diameter [BPD], or anogenital distance; Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). However, the anogenital distance was significantly greater in the in vivo group as compared to the groups in which the embryos had been transferred. This was true for both males and females. Comparing the anogenital index (anogenital distance/body weight) among groups accentuated the difference between in vivo and transferred groups, as pups in the in vivo group were smaller (Table 2) .
In general, male and female mice within each group had the same mean body weights each week from birth to weaning (3 wk), after which time the males in all groups became significantly heavier (Supplemental Table S2 ; Supplemental Figure S1 ).
Female IVF mice had the same pattern of growth as those in the FB group (Fig. 1, A and B) . A time-point-by-time-point comparison showed no statistical difference except at 2 wk of age, at which time IFV KAA females were larger than FB.
Although they weighed the same at birth, male IVF WM mice were heavier than FB males from 1 to 19 wk (Fig. 1C) . The specific growth rate (change in weight/weight) of IVF WM was significantly greater than FB between birth and 1 wk of age (FB, 0.698 6 0.027; IVF WM , 0.734 6 0.025) and then again between 17 and 18 wk of age (FB, 0.003 6 0.038; IVF WM , 0.023 6 0.015), when the FB growth curve began to flatten out. Conducting the IP-GTT and associated insulin measurements at approximately 19 wk appeared to affect the body weights of the mice, causing a temporary slowing of growth (Fig. 1) . By 20 wk of age the FB mice had attained the same weight as the IVF WM , and the two groups maintained the same adult weight. The IVF KAA males had the same growth pattern as the FB control males (Fig. 1D) .
Percent body fat and bone mineral density (BMD) were measured by DEXA scanning at 8 and 28 wk of age. At 8 wk of age, the percent body fat of male and female mice and among treatment groups was not different (22%; Supplemental Table S1 ).
Percent body fat increased significantly between 8 and 28 wk of age in both males and females, with older animals having more body fat. Females in each group had more adipose tissue, on average, than males. The difference between males and females was statistically significant in the FB and the IVF KAA groups but not the IVF WM group (Supplemental Table S1 ). There were no differences between IVF and FB animals, comparing males and females separately, in percent body fat at 28 wk of age (Supplemental Table S1 ).
BMD was significantly greater in males than in females at both 8 and 28 wk of age (Supplemental Table S1 ). At 8 wk of age, IVF males had greater BMD than FB males (FB, 0.0566 6 0.0028 g/cm 2 ; IVF KAA , 0.0615 6.0041 g/cm 2 ; IVF WM , 0.0593 6 0.0030 g/cm 2 ; Supplemental Figure S2 ), while females did not differ in BMD (Supplemental Table S1 ). At 28 wk, there were no BMD differences between FB and either of the IVF groups for either males or females (Supplemental Table S1 ).
The sexual development of IVF male and female mice appeared to be similar to FB controls. The age at which the testes descended, 22-23 days, and the age at which preputial separation occurred, 24 days, were identical in IVF WM and the FB group (Supplemental Table S1 ). For females, vaginal opening was detected at the same ages, 26 days, in FB and IVF WM mice.
Corticosterone Levels
Serum corticosterone levels, measured in males at 25 wk, were similar in mice from the FB and IVF WM groups (Supplemental Table S1 ).
Glucose Homeostasis
In all groups analyzed and under all conditions, serum glucose levels in female mice were significantly lower than in males (Fig. 2) . In female 19-wk-old mice, under 6-h fasting conditions, the level of glucose did not differ among the groups. The pattern of the IP-GTT response was identical for females in the IVF groups and the FB control ( Fig. 2A) . Pointby-point comparisons and an analysis of the area under the curve (AUC) showed no difference among FB, IVF KAA , and IVF WM females (Fig. 2C) .
Male IVF WM showed evidence of glucose intolerance. In particular, fasting glucose levels were significantly greater in the IVF WM group than in the in the FB group. During the IP-GTT. the peak glucose levels were reached at 15 min for the FB and IVF KAA group, but levels were still climbing at that time in the IVF WM group and remained statistically higher for the duration of the test (Fig. 2C) . The AUC for glucose in IVF WM males was significantly greater than for FB (Fig. 2D) . At the time of the IP-GTT, IVF WM males weighed significantly more than FB males. The AUC correlated positively with body weight for male FB and IVF WM mice but not IVF KAA (Supplemental Figure S3A) . There was no correlation of body weight with AUC in any group for the female mice (Supplemental Figure S3B) .
For both males and females at 19 wk of age, fasting insulin levels, the insulin curve during the IP-GTT, and AUC for insulin were similar in IVF groups and in the FB group (Supplemental Figure S4) . Overall, females had insulin levels that were approximately half of those seen in males (Supplemental Figure S4) . Interestingly, while females had a normal response to glucose infusion and insulin peaked at 15 min postinjection, the insulin curves in males were relatively flat in all groups (Supplemental Figure S4) . The insulinogenic index, the amount of insulin secreted for a given glucose stimulus (AUCinsulin 0-30 /AUCglucose 0-30 ), was significantly greater in FB males than in either IVF WM or IVF KAA males (Fig. 2E) . A calculation of the insulin resistance index, HOMA-IR, showed no difference among the three groups (FB, 2.80 6 2.87; IVF KAA , 2.68 6 3.05; IVF WM , 3.77 6 2.49). At 40 wk of age, basal insulin and glucose levels were measured after an overnight fast in a subset of males from the FB and IVF WM groups. The HOMA-IR calculated from these values was significantly elevated compared to the values at 19 wk of age, but there was still no difference between the FB and the IVF WM groups (Fig. 2F) .
To further investigate whether the elevated levels of glucose found during the IP-GTT were due to peripheral insulin resistance, IFV WM and FB males were tested using the hyperinsulinemic-euglycemic clamp technique. Overall, both FB and IVF WM mice had unusually high baseline insulin levels but no difference in insulin resistance. Basal glucose levels, basal insulin levels, insulin levels at clamp, peptide C levels, and glucose infusion rate were similar in the two groups (Supplemental Table S3 ; Fig. 3, A and B) . Whole-body glucose utilization (Fig. 3C ) was equal at baseline and only different at clamp, when it was significantly higher in the FB group. Suppression of liver glucose production (Fig. 3D) was not different between the two groups. There was no statistically significant difference in insulin sensitivity in any peripheral tissue tested (Fig. 3E) , although the higher glucose accumulation in the heart of IVF WM mice was nearly so (P ¼ 0.09), suggesting a trend toward increased insulin sensitivity in this organ.
Cardiovascular Phenotype
The cardiovascular anatomy and physiology of a subset of FB and IVF WM males were analyzed (Table 3) . Systemic systolic blood pressure was significantly lower in the IVF WM mice, but diastolic and mean blood pressures were not different between the groups. Both the end-systolic volume (10 6 1 FB vs. 14 6 4 IVF WM ) and the end-diastolic volumes were greater in the IVF WM mice (57 6 10 FB vs. 70 6 14 IVF WM ). The total heart weights of the groups were not different, but both the LV mass, calculated with the formula of Troy et al. [37] , and the LVPW and interseptal wall dimensions at diastole, were greater in the IVF WM hearts (Table 3) . 
IVF AFFECTS LONG TERM HEALTH
Expression of Imprinted Genes
The mRNA levels of H19, Igf2, and Slc38a4 genes were measured in fat, muscle, and liver from female (n ¼ 8) and male (FB, n ¼ 4; IVF KAA and IVF WM , n ¼ 5) adult mice. Only Slc38a4 showed any differences in expression, and these were seen solely in female fat tissue, with a 6.7-fold decrease in the IVF KAA and an 8.6-fold decrease in the IVF WM group compared to FB. There was no difference in expression for any other imprinted genes in any of the remaining tissues tested (Supplemental Figure S5) .
DISCUSSION
This article establishes a model for studying the metabolic long-term health effects of IVF using outbred mice. We found that preimplantation disturbances may result in adult metabolic differences, indicating that the preimplantation period constitutes a window of development sensitive to reprogramming. The differences that we did find were culture-medium specific. Reassuringly, mice generated using optimal culture conditions were normal in most aspects of development and adult physiology measured. However, suboptimal culture conditions resulted in a clear adult phenotype. Adult male mice generated in vitro using WM and 20% O 2 manifested perturbations in growth, glucose tolerance, and cardiac size.
Among the most striking effects following culture in suboptimal conditions was an alteration of the growth curve of male IVF WM mice. These mice grew faster between birth and 1 wk of age, then gained weight at a rate parallel to that of controls so that their growth curve stayed shifted to the left until 20 wk of age. Unfortunately, the IPGTT interfered with weight gain in all the mice, right at the time that growth rates were slowing so that it is difficult to determine exactly when the mice would have normally leveled off (Fig. 1) . This   FIG. 2 . Glucose tolerance test. Female IVF mice (A) had a normal glucose tolerance as evidenced by glucose levels over time and by the calculation of the AUC (C). Male IVF WM mice, however, showed glucose intolerance, maintaining significantly higher levels of serum glucose (*) after intraperitoneal glucose injection (B). This was also reflected in the significantly higher AUC for male IVF WM mice (D). The insulinogenic index (E) was significantly lower (#) in IVF mice. The insulin resistance index (HOMA-IR; F) for males was not different between FB and IVF WM groups at either 19 or 40 wk (n ¼ 9; three litters; same mice at both time points) but increased significantly (D) with time. Values are means 6 SD.
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difference in growth pattern can be best understood when prenatal growth is also taken into consideration. We have previously shown that IVF WM blastocysts are made up of significantly fewer cells [20] and are smaller at Embryonic Day 12.5 [38] . However, their growth velocity increases in the latter part of gestation so that their weight at birth is the same as and then greater than that of the control mice. This pattern of accelerated fetal/neonatal growth may be an indicator of prenatal stress and may be linked to metabolic changes.
Other animal studies have shown that culture media affect in utero growth [39] and birth weight [40] . Jimenez-Chillaron et al. [41] have shown that mice subjected to intrauterine growth retardation will manifest a postnatal ''catch-up'' growth and will develop glucose intolerance later in life. Evidence in humans is yet inconclusive, with some authors finding an effect of culture medium on birth weight [42] and others not [43] .
A second important finding is that IVF WM male mice were clearly glucose intolerant, as shown by the IPGTT test (Fig. 2) . The insulinogenic index [44] for IVF males, under both culture conditions, was significantly lower than FB, while the HOMA-IR calculation for peripheral insulin resistance [26] was not different, pointing to a b-cell problem rather than a defect in peripheral tissues. This hypothesis was not disproven by the hyperinsulinemic-euglycemic clamp experiments. If anything, the IVF WM mice seemed to be slightly more sensitive to insulin. Unfortunately, the clamp studies were complicated by   FIG. 3 . Hyperinsulinemic-euglycemic clamp. A) Glucose levels were maintained in both FB and IVF WM males at approximately 100 ng/dl at clamp. B) Glucose infusion rate was similar in both groups. C) Total glucose flux at baseline was not statistically different between IVF WM mice and control FB mice, but at clamp (the average of the 100-and 120-min values), it was significantly lower in IVF WM mice (Supplemental Table S3 ; n ¼ 9-11 per group from three litters per treatment). D) The endogenous glucose production rate was similar in both groups at both baseline and clamp. E) Glucose uptake measured in various organs was also not different. Values are means 6 SD. IVF AFFECTS LONG TERM HEALTH the unusually high insulin levels found at this age in the particular outbred strain used. In fact, at 38 wk of life, when the insulin clamp was performed, the basal insulin levels were very high, approximately three times the normal levels seen at 19 wk of age. The very high peptide C levels confirmed an increase in insulin production rather than a decrease in insulin clearance. The HOMA-IR at 40 wk was significantly elevated in both groups compared to what was observed at 19 wk of age (Fig. 2F ), but there was no difference between IVF WM and FB. Given these findings, it is possible that elevated serum insulin levels may have interfered with our ability to accurately detect differences in the degree of insulin resistance between the FB and IVF WM males, as the experimental infusion of insulin may not have appeared to be sufficiently hyperinsulinemic to these mice. Given these findings, the use of the outbred cross CF1 3 B6D2F1 mice is not suggested for future long-term metabolic studies. An alternative cause for glucose intolerance could be a pancreatic defect with altered insulin production. In support of this point, we found that the insulinogenic index was reduced in both types of IVF mice at 19 wk of age compared to control. A decrease in the insulinogenic index suggests a reduced ability to secrete insulin in response to glucose, likely because of beta cell insensitivity to glucose [45] . Further experiments are needed to investigate this hypothesis.
The third important finding of this study is related to the hemodynamic testing. IVF WM male mice had lower systolic blood pressure than control mice. Although these results are reassuring, they are contrary to the several results in the literature [36] . For example, Watkins et al. [36] cultured twocell embryos to the blastocyst stage and found that embryo culture and, to a lesser extent, embryo transfer led to an enhanced systolic blood pressure at 21 wk in both male and females. Rexhaj et al. [46] performed IVF in FVB mice and found that male offspring had increased mean blood pressure at 14 wk of age. The most likely reasons for these differences in results are variation in the strain of mice used, the length of culture, and type of culture medium used.
In apparent contrast to the lowered blood pressure, echocardiographic analysis showed hypertrophy of the left heart. In fact, although cardiac weight was not statistically heavier, the LV mass calculated with the Troy formula was higher in IVF mice [37] . Further, the end-systolic and enddiastolic volumes were also increased. This enlargement of the left heart, both in the myocardium and of blood volume, in the absence of increased exercise and high blood pressure suggests that this phenomenon was secondary to stress in utero [47] [48] [49] . A link between embryonic or fetal stress and abnormal cardiac development has been described before. Impairment of placental function has been shown to predispose offspring to cardiovascular disease in both humans and animals [50] . Indeed, we have found that the placenta of IVF mice is larger and less efficient [22] . In future studies, we plan to test whether IVF KAA or female mice display a cardiac phenotype.
Importantly, female IVF WM mice did not show evidence of any specific alteration of growth or metabolic parameters suggesting a sexually dimorphic phenotype. Sexual dimorphic effects of in utero stress have been described before [51, 52] . Remarkably, male and female blastocysts show already remarkable differences in gene expression [53] ; it is therefore not surprising that disturbance of physiologic signals because of culture in vitro during the preimplantation period will generate different health effects in the two sexes.
Reassuringly, both male and female IVF KAA mice had a growth and metabolic phenotype that was similar to control FB mice. This finding is important since modification of KSOM medium with amino acids is the basis for a commercially available medium, used commonly in human IVF [54] . Among the few differences observed, male IVF KAA mice had a greater anogenital distance at birth than control mice, but that difference was not significant when anogenital index was calculated (Supplemental Table S1 ). Further, the insulinogenic index, the amount of insulin secreted for a given glucose stimulus (Fig. 2E) , was significantly lower in IVF KAA males than in control FB males.
Our study also shows that each culture condition has a specific effect on growth and development. Overall, WM and 20% O 2 appear to have a more adverse effect on growth and metabolic health, at least in male mice; by contrast, KSOM medium with amino acids and 5% O 2 was associated with no or only minor metabolic adult health alteration compared to control. This is not surprising since we have found that blastocysts cultured in WM and 20% O 2 have more than 1000 genes different from in vivo control blastocysts, while only 29 genes were different between KSOMþAA and 5% O 2 and control blastocysts [19, 55] . It remains to be established whether a ''dose-response'' effect is present following preimplantation stress (WM being more stressful and KSOMþAA being more physiologic) or whether each culture condition might have its own particular effect that must be evaluated independently. The differences in anogenital distance found in IVF KAA mice and not IVF WM would point to the second explanation. Further, there might be health effects that follow culture in vitro that are independent of the conditions used. For example, Ecker et al. [17] found that similar behavioral changes were present in two-cell embryos cultured with either WM or KSOMþAA.
The length of gestation, when calculated according to the dam's reproductive cycle, was normal even with IVF embryos. However, the IVF blastocysts took 2 days longer to develop from fertilization to birth than did normally conceived (in vivo and FB) mice. All this extra time was spent in vitro, growing from zygote to blastocyst. It is intriguing to speculate that this extra period of development in vitro resulted in molecular/ mechanistic changes responsible for the observed adult phenotype. Future studies should be designed to define which particular constituent(s) in the culture medium or what oxygen concentration is responsible for causing the observed phenotypes.
One possible mechanism by which changes in the preimplantation environment could affect adult growth and physiology is through alteration of the epigenome. Imprinted genes are epigenetically regulated, and there is evidence that preimplantation culture alters expression of imprinted genes [30] . To ascertain if preimplantation culture affects adult imprinted gene expression, we examined the expression of three candidate imprinted genes (H19, Igf2, and Slc38a4) in multiple tissues of adult animals. Overall, we found no difference in expression among the groups, suggesting that there are no widespread alterations in imprinted genes in these animals. Interestingly, Slc38a4 was down-regulated following IVF (in both culture conditions) only in female adipose tissue. The reason for this tissue-specific and sexual dimorphic result is unclear, and it is not associated with an observed postnatal phenotype. Of note, however, we have found that IVF placenta display reduced transport of neutral amino acids and downregulation of Slc38a4 at Embryonic Day 18.5 [22] .
One significant, general finding of our article is the establishment of the proper control group for studying the long-term effects of IVF. In particular, the use of the in vivo mice for comparison is inappropriate, at least to assess a DONJACOUR ET AL. metabolic phenotype. In fact, the larger litter size found in the in vivo group can, by itself, result in a different growth pattern in offspring. Therefore, the FB group is a more suitable control, as it accounts for superovulation, litter size, and the embryo transfer procedure. Indeed, the embryo transfer procedure alone has been shown to alter expression of imprinted genes [56] .
One potential limitation of this study is sample size. We have based sample size calculation on having at least 25 animals per group (range 25-54) originating from at least four litters (range four to seven) to follow over time. This number is consistent with other published reports; for example, Fernandez-Gonzales [35] analyzed 35 and 43 offspring and Ecker [17] 42-50 offspring with no specification of how many litters the animal originated. The lowest sample size used was nine male animals from three litters for the insulin clamp experiments.
In summary, we have found that IVF and subsequent culture of preimplantation embryos is associated with metabolic reprogramming, depending on the culture conditions used. Therefore, we can conclude that the preimplantation period represents a window of reprogramming and that stressful conditions during this delicate period of growth can lead to adult onset of metabolic diseases, as postulated by the DOHaD hypothesis [3] . Our data are particularly valuable because culture in vitro is routinely used to treat patients with infertility, and as of today more than 5 million children have been conceived with these technology [4] . Future studies should be directed at confirming these observations in different strains of mice and at understanding the molecular mechanism underlying the described findings.
